B
ond cleavage or bond formation accompanies electron transfer in a considerable number of natural or artificial processes. As summarized in Fig. 1 , reductive electron transfers generate basic species, in the Lewis or Brønsted sense, that are prone to lose a base or gain an acid, as for example, but not necessarily, a proton (1) . Conversely, oxidative electron transfers generate acid species that may gain a base or lose an acid, e.g., a proton.
Altogether, over the four reactions depicted in Fig. 1 , proton transfer coupled with electron transfer may be involved in two cases, whereas heavy-atom bond cleavage or formation has a wider scope. These reactions may occur homogeneously with a molecular electron donor, or acceptor, or may be triggered heterogeneously at an electrode. An advantage of the electrochemical approach is an easy determination of the rate-driving force relationships, which may be obtained from the current-potential responses once the contribution of reactant transport has been taken into account. Mechanism analysis and modeling of the kinetics of the rate-determining steps are closely similar in the homogeneous and electrochemical cases. Uncovering the reaction mechanism and the kinetic controlling parameters in one case may thus be readily transposed to the other.
In most cases, the radicals formed (see Fig. 1 ) are easier to reduce, or to oxidize, than the starting molecules, giving rise to multielectron processes as are most practical natural or synthetic electron transfer reactions [according to the classical "ECE-DISP" mechanism in the electrochemical case (1) ]. Under those circumstances, even if more than one electron is globally exchanged, the rate control concerns the initial electron transfer in conjunction with the changes in bonding depicted in Fig. 1 .
In this framework, uncovering the mechanisms and modeling the kinetic characteristics of these reactions has attracted and continues to attract a great deal of attention concerning both heavy-atoms bonds (2-4) and proton transfers (5) (6) (7) (8) (9) (10) (11) . As pictured in Fig. 1 , bond formation or cleavage may occur in a stepwise manner (electron transfer first, followed by bond change as represented in the upper pathways of Fig. 1 , or vice versa as represented in the lower pathways of Fig. 1 ) or in a concerted manner, electron transfer and bond change occurring in a single elementary step (horizontal pathways in Fig. 1) .
Whichever the mechanism, the electron transfer process benefits globally from an increase of driving force offered by the bond cleavage or the proton transfer. The advantage of concerted pathways is that they skip the intermediates involved in the stepwise pathways. They may thus be the preferred pathways in so far as these intermediates are high in energy and/or the kinetic price to pay for concertedness is not too high. These are the reasons that demonstrating the occurrence of concerted pathways and modeling their dynamics attract a particularly active current attention. As far as modeling is concerned, the case of heavy-atom bond Fig. 1 . Association between electron transfer and bond cleavage or formation involving either heavy atom or proton transfer (as shown between parentheses in the latter case). e − represents an electron exchange with an electrode in the case of an electrochemical process or a molecular electron donor/acceptor for homogeneous reactions.
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breaking or formation on the one hand and of proton transfer on the other should be distinguished. Semiclassical treatments of the reaction kinetics can be developed in the first case, whereas quantum mechanical treatments are required for what concerns the proton displacement in the second case (12) .
So far, electron transfers associated with cleavage or formation of bond between heavy atoms on the one hand and protoncoupled electron transfers on the other have been considered as two separate categories. We address, in the present contribution, reactions in which electron transfer is accompanied both by bond cleavage and proton transfer, which may also be first steps of multielectron processes. Contemporary energy challenges do involve such types of reactions, concerning particularly the cleavage of oxygen-oxygen and carbon-oxygen bonds (13) .
Association of bond cleavage (or formation) and proton transfer with electron transfer may result in various degrees of concertedness up to the point where the three events are all concerted. The ensuing competition between reaction pathways is depicted in Fig. 2 . For the sake of simplicity, the representation is limited to the case of a reduction, accompanied by the cleavage of a heavy-atom bond and by proton transfer, showing the various possible three-step, two-step and totally concerted pathways. Transposition to other cases, involving oxidation and/or bond formation or different sequencing of the bond changes and proton transfer, will follow the same principles.
Modeling the kinetics of the rate-determining steps in the stepwise pathways may rely on existing treatments concerning outersphere electron transfer (14, 15) in the three-step case and, in the two-step cases, concerted heavy-atom bond breaking (4, 16) and concerted proton transfer (8, (17) (18) (19) (20) . This is not the case for the all-concerted pathway. The first purpose of the present contribution was therefore to model the kinetics of reactions in which electron transfer is concerted with both cleavage of a heavy-atom bond and with proton transfer so as to derive the relationship between rate and driving force and express the parameters that govern the intrinsic reactivity for both homogeneous and electrochemical cases.
In a second part, we illustrate the application of the model with an experimental example carefully selected for its simplicity; namely, the electrochemical reductive cleavage of an O-O bond helped by the presence of a proximal carboxylic acid group (see molecule 1 in Fig. 3 ) as compared to the methyl ester derivative of the same molecule (see molecule 2 in Fig. 3) .
It is interesting to note in this connection that the catalase activity (which involves the reductive cleavage of the hydrogen peroxide O-O bond) of heme hydroperoxidase models is enhanced by the close vicinity of a hanging acid group (21) . However, the mechanism does not seem to belong to the "all concerted" category, the role of the acid being rather to inhibit a homolytic cleavage pathway (22) . It has also been recently reported that the presence of a proximal acid group favors the production of water over hydrogen peroxide in the reduction of dioxygen by cobalt corrole complexes (13, 23) .
Results and Discussion
Modeling Reactions in Which Electron Transfer Is Concerted with both Cleavage of a Heavy-Atom Bond and Proton Transfer. We may combine the approaches that have been followed previously to model dissociative electron transfer with no accompanying proton transfer (4, 16) on the one hand and the proton-coupled electron transfer with no heavy-atom bond breaking on the other. (8, (17) (18) (19) (20) . Fig. 4 provides an outline of the main principles to be used to model the reaction kinetics so as to derive the rate law and the accompanying governing parameters. As in the simple concerted proton-electron transfer (CPET) case, two successive applications of the Born-Oppenheimer approximation lead to defining the transition state in terms of a heavy-atom coordinate and the preexponential factor in terms of a proton displacement coordinate. Concerning the first of these applications, heavyatom reorganization involves the solvent molecules, the vibrations of reactant bonds not being cleaved in the reaction, and, most importantly, the contribution of bond cleavage. Regarding the latter, it seems appropriate to use the same approximation for the potential energy curves as for concerted dissociative electron transfers with no accompanying proton transfers; i.e., a Morse curve for the reactants and a repulsive Morse curve for the products (equal to the repulsive part of the reactant Morse curve) as shown in Fig. 4 (4, 16) . For dissociative electron transfers with no accompanying proton transfers, the model has indeed been validated by a number of experimental homogeneous and electrochemical examples including reactions involving the concerted cleavage of O-O bonds (2-4).
The forward irreversible reaction is a third-order reaction expressed in the homogeneous case as
Introducing the activation free energy, ΔG ≠ , and the third-order preexponential factor, Z 3rd hom , the rate constant, k 3rd hom , is obtained from
where E 0 is the standard potential relative to the all-concerted reaction and E 0 ED is the standard potential of the electron donor. The reorganization energy, λ hom þ D, comprises the homolytic dissociation energy of the Y-X bond, D, and a term, λ hom , that includes the energy for the solvent reorganization and internal reorganization in the electron donor and in Y-X molecule, besides the cleavage of the bond. As in the case of simple CPET reactions, the preexponential factor combines the formation of the precursor complex, the degree of adiabaticity of electron transfer, and the effect of proton tunneling at the transition state. The third-order character of such reactions does not prevent their occurrence, as shown, for example, by the homogeneous oxidation of phenol by Ru III ðbpyÞ 3 with hydrogen phosphate as the proton acceptor (24) . In systems where the proton donor is attached to the structure that bears the cleavable heavy-atom bond, as in the illustrating example discussed below (Fig. 3) , Eq. 1 is replaced by a second-order reaction-rate law, leading to
with the same expression of the free energy of activation as given by Eq. 3.
In the electrochemical case, a first and rather crude approach consists in considering that among all the electronic states of the electrons in the electrode, only those located at the Fermi level contribute to the reaction. Then, the rate law of the irreversible all-concerted reaction is
where ½Y-X and ½HB are the concentrations of the indicated species at the electrode surface, I is the current density, and E is the electrode potential. The reorganization energy, λ het , includes the energy for solvent reorganization and internal reorganization in the Y-X molecule, besides the cleavage of the bond.
In the case where the proton donor is attached to the structure that bears the cleavable heavy-atom bond, as in the illustrating example discussed below (Fig. 3) Eq. 4 is replaced by a second-order reaction-rate law:
with the same expression as in Eq. 5 for the activation free energy. If all electronic states are taken into account, by analogy to the case of outer-sphere electron transfers, the rate law can be written as (25-27)
As far as assignment of the all-concerted pathway is concerned, an interesting question is whether or not the appearance of a hydrogen/deuterium (H/D) kinetic isotope effect may be used as diagnostic criterion. At first sight, the answer is expected to be positive by reference to CPET reactions with no heavy-atom bond breaking where small but significant (of the order of 2) H/D kinetic isotope effects are commonly observed (8) (9) (10) 28) . There is, however, an important difference between these reactions and the present ones, namely the large irreversibility caused by the breaking of the heavy-atom bond, as pictured in Fig. 4 , which results in a larger reorganization energy due to the contribution of D. To overcome this intrinsic barrier, a large driving force is required. It follows that the transition state closely resembles the initial state. One consequence is that, in the heavy-atom transition state, the • Y X − moiety is much less basic than in the products' geometry because the Y-X bond is not completely broken. This appears in Fig. 4 when one compares the proton energy profiles of the • Y X − ⋯HB electronic states in the Upper Inset of Fig 4 and in the Right Lower Inset of the same figure. The result is that the intersection of the proton energy profiles of reactants and product electronic states in the transition state is likely to be close to the zero-point energy level. This indicates that the overlap of proton vibronic states is large and therefore insensitive to isotope substitution. If the second consequence of the close resemblance between transition state and initial state (namely, ZPE ≠ ≈ ZPE R ) is taken into account, then the H/D kinetic isotope effect is predicted to be negligible in spite of the concerted character of the reaction. In other words, the absence of H/D kinetic isotope effect is related to the cleavage of the heavy-atom bond lagging behind proton transfer. Indeed, at the transition state, when electron and proton are transferred, the distance between two fragments is small, much smaller than in the final state of the system.
Proton-Assisted Reductive Cleavage of an O-O Bond as an Illustrative Example of an Electron Transfer Concerted with both Heavy-Atom
Bond Cleavage and Proton Transfer. We now discuss the electrochemistry of compound 1 (Fig. 3) as an example of the coupling between electron transfer, heavy-atom bond breaking, and proton transfer from a proximal carboxylic acid group attached to the structure that bears the O-O bond.
The electrochemical reduction of aliphatic peroxides and most aliphatic endoperoxides, studied in an aprotic solvent, such as dimethylformamide (DMF), consists in a dissociative electron transfer in which the O-O bond is cleaved concertedly with electron transfer, thus generating a broken anion radical, with the charge and unpaired electron located on one and the other oxygen atom (29) (30) (31) (32) as sketched in Fig. 3 . The broken anion radical is then further reduced at a potential more positive than the reduction potential of the starting peroxide with eventual protonation of the alcoholate, resulting in a total two-electrons per mole stoichiometry, which is nevertheless governed by the kinetics of the first concerted bond-breaking electron transfer. In any electrochemical nondestructive techniques, e.g., cyclic voltammetry (27, 33) , the current-potential response is indicative of this first one-electron uptake, or removal, even though the overall stoichiometry is two-electrons per molecule.
Compound 1 (Fig. 3) was selected so as to test the idea that the presence of a proximal acid group could greatly facilitate the reductive cleavage of the O-O bond by protonation of the alcoholate. The total gain in driving force consequently expected should approximately correspond to the difference of pK a between the alcohol that is formed upon reduction and the proximal acid; i.e., 19 pH units [from the pK a of tert-butanol, 32.4, and the pK a of acetic acid, 13.3, in DMF (34)], equivalent to −1.11 eV in terms of free energy.
The effect of this large increase of the reaction driving force on the electrochemistry of compound 1 was tested by cyclic voltammetry in DMF (Fig. 5) . Comparison with the cyclic voltammetric response of the corresponding methyl ester, compound 2, in which such proton transfer may not occur, is shown in Fig. 5 so as to demonstrate the role played by the presence of the proximal acid group and the ensuing increase of the driving force.
Besides their total irreversibility, the most striking feature of the cyclic voltammograms in Fig. 5 is the very large gap, of more than 700 mV (Table 1) , separating the peak potentials of compounds 1 and 2, attesting the very significant effect of the presence of the proximal acid group.
It is also interesting, albeit less important to note that the peak height of compound 2 is twice that of compound 1. This is easily explained by the occurrence of a "father-son" reaction (1), in the case of compound 1, in which half of compound 1 is used to neutralize, by means of its acid functionality, the negative charge produced by the reduction of the other half (SI Appendix).
Examining the various mechanistic possibilities summarized in Fig. 2 , it appears that the two outer-sphere electron transfer routes are ruled out by the general concerted, dissociative character of electron transfer to aliphatic peroxides as already mentioned. Among the two remaining possibilities, the two-step pathway consists in a first irreversible concerted electron transfer and bond-breaking step followed by a downhill protonation step. In such a situation, the kinetics of the reaction does not respond to the increase of driving force offered by the follow-up protonation but is simply driven by the thermodynamics of the first step. The peak potential of compound 1 should in this case be similar to that of compound 2, where protonation is not involved. The observed difference of 700 mV between the two peak potentials at 0.2 V∕s therefore rules out the occurrence of this two-step mechanism.
We are therefore left with the all-concerted pathway, the kinetics of which is expected to respond to the driving force increase resulting from protonation. The theoretical model discussed above may then be applied (Y ¼ X ¼ O) in its electrochemical version for second-order process leading to Eq. 5 and lower Eq. 7.
Another interesting observation is the lack of H/D kinetic isotope effect (Table 1) , which may look surprising for an allconcerted pathway but is in fact expected for the reasons discussed in the preceding section. This observation also indicates that the degree of adiabaticity of the whole reaction is not a reflection of proton tunneling but possibly of the degree of adiabaticity of electron transfer itself. Concerted electron transferbond-breaking reactions of peroxides, with no associated proton transfer, have been observed to be characterized by a large degree of nonadiabaticity, leading to small values of the preexponential factor (30) . It follows that the preexponential factor is expected to be similar for the concerted bond cleavage-proton-electron transfer that compound 1 undergoes and for the concerted bond cleavage-electron transfer taking place with compound 2. The main difference between the reduction of compound 1 and the reduction of compound 2 therefore concerns the driving force of the reaction. The cyclic voltammetric responses in Fig. 5 may thus be simulated according to Eqs. 5 and 7 (35) as shown in Fig. 5 . For the standard potential of the concerted bond cleavage-electron transfer undergone by compound 2, we took the same value as previously determined for di-tert-butyl peroxide (30) E 0 ð2Þ ¼ −1.48 V vs. SCE. The standard potential for compound 1 is then obtained by adding to E 0 ð2Þ the previously estimated increase in driving force deriving from proton transfer, thus resulting in E 0 ð1Þ ¼ −0.37 V vs. SCE. Simulation of the responses of compounds 1 and 2 ( Fig. 5) with the same value of the preexponential factor resulted in the following values: ðλ het þ DÞð1Þ ¼ 2.6 eV, ðλ het þ DÞð2Þ ¼ 2.07 eV. The small value of the preexponential factor is, for the reasons given earlier, a reflection of the nonadiabaticity of electron transfer, a characteristic already noted with the reductive cleavage of other peroxides with no accompanying proton transfer (30) . It is noteworthy that not only the location and height of the cyclic voltammetric responses of both compounds are correctly reproduced by the simulation but also their shape.
What can be the reasons that the parameter λ het þ D is smaller for compound 2 than for compound 1? The reorganization energy, λ het , is mainly concerned with solvent reorganization that we may estimate as λ 0 ≈ 1 eV, for both compounds 1 and 2, from λ 0 ðeVÞ ¼ 3∕að _ AÞ (where a is the radius of the sphere equivalent to the volume where the negative charge is located) (28) , noting that the excess of solvent reorganization energy due to the concerted proton transfer is negligible as compared to the solvent reorganization energy resulting from electron transfer. As concerns heavy-atom intramolecular reorganization that may result from the concerted proton transfer, the quantum chemical calculations described later have shown that geometrical changes and therefore intramolecular reorganization, occurring upon electron transfer besides bond breaking, may be considered as negligible. The bond dissociation energies may therefore be estimated as Dð1Þ ¼ 1.6 eV, Dð2Þ ¼ 1.07 eV.
It is noteworthy that the first of these values is closely similar to the bond dissociation energy reported for di-tert-butyl peroxide [1.60 ≤ D ≤ 1.77 eV (29)], where no interaction between the fragments resulting from cleavage is expected. Interpretation of the fact that the bond dissociation energy for compound 2 is significantly smaller rests on the existence of such interactions in the case of compound 2 in the framework of a somewhat more refined model of concerted bond-breaking electron transfer reaction than the raw version that we have used so far. This more sophisticated model takes into account the weak interaction, D P , which may exist between the two fragments resulting from bond breaking (Fig. 6) , in the framework of what has been called "sticky dissociative electron transfer" (27, 36) .
Eq. 5 is then replaced by
Evidence for the existence of such interactions in the gas phase for compound 2 but not for compound 1 is indeed provided by quantum mechanical calculations that led to the structures displayed in Fig. 7 (the calculations were carried out on a slightly simplified structure where the cyclohexyl ring has been replaced by two hydrogens; see Materials and Methods). In line with the quite different O-O distances in compounds 1 and 2, no significant interaction was found in 1red, whereas a 0.2 eV interaction energy was found for 2red (SI Appendix). Most of this interaction is wiped out in a polar solvent such as DMF, but a residual interaction energy of D P ¼ 0.05 eV suffices to explain the observed behavior in the framework of the "sticky dissociative electron transfer" as results from the application of Eq. 8.
Concluding Remarks
A model has been devised to analyze the kinetics of electron transfer reactions that are concerted with both heavy-atom bond breaking and proton transfer for homogeneous and electrochemical reduction or oxidation processes. The activation-driving force relationship is quadratic and involves as main reorganization parameter the sum of solvent and internal reorganization energies on the one hand and the homolytic bond dissociation energy on the other. Application of this relationship allows one to estimate the kinetic advantage that derives from the increase in the driving force of the reaction resulting from the concerted proton transfer. Because heavy-atom bond breaking is an irreversible process, the transition state closely resembles the initial state. The intersection of the proton energy profiles of reactants and product electronic states in the transition state (see the Inset of Fig. 4) is consequently close to the zero-point energy level. Therefore, the overlap of both proton vibronic states is large and consequently insensitive to isotope substitution, making the H/D kinetic isotope effect negligible is most cases in spite of the proton transfer being concerted with electron transfer. Another consequence is that the preexponential factor reflects, besides the formation of the precursor complex, the degree of adiabaticity of the electron transfer with little contribution arising from proton tunneling.
The electrochemical cleavage of the O-O bond of an organic peroxide in the presence of a proximal acid group has illustrated the applicability of the model demonstrating that electron transfer, heavy-atom bond breaking, and proton transfer may be all concerted.
These results are expected to be useful for the invention, analysis, and optimization of reactions involved in contemporary energy challenges as well as for the comprehension of major biochemical processes, a number of which involve electron and proton transfer together with cleavage of bonds between heavy atoms.
Materials and Methods
The electrochemical kinetics was obtained from cyclic voltammetric experiments on a glassy carbon electrode carefully polished before each run. Synth- esis and characterization of compounds 1 and 2 were performed according to ref. 37 . More details on the methods and materials used, including chemicals, cyclic voltammetry, father-son reactions, and quantum chemical calculations, are given in the SI Appendix.
